Infection of CD4
Introduction
Human immunodeficiency virus (HIV) ravages the immune system of those infected and continues to develop resistance to multiple therapeutic interventions. CD4 ϩ T cells are primary viral targets, and as they are rapidly depleted during progression to acquired immunodeficiency syndrome (AIDS), 1,2 the host becomes susceptible to opportunistic infections. In addition to CD4 ϩ T lymphocytes, CD4 ϩ chemokine coreceptor expressing monocyte-derived macrophages also serve as hosts for HIV. Macrophages often replicate virus in vacuoles to avoid immune surveillance, and being relatively resistant to viral cytopathicity may serve as long-term viral reservoirs. 3, 4 Because of rapid and persistent mutability of HIV and inherent difficulties in vaccine development, identifying host molecules that support or antagonize HIV as potential manipulative targets in defense against the virus remains an important goal. In this regard, considerable recent effort has focused on host cell molecules required for viral entry as a means to deflect the infection process. [5] [6] [7] Intracellular molecules commandeered by HIV to support its life cycle are also being considered as candidate targets to interfere with infection. [8] [9] [10] Among these, a family of intracellular cytidine deaminases, apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like (APOBEC) cytidine deaminases, particularly APOBEC3G, was identified in CD4 ϩ T cells and macrophages with innate antiretroviral activity. [11] [12] [13] Although initially considered to be noninducible and overcome by its interaction with HIV viral infectivity factor (Vif), new evidence supports its unique regulation by interferon-␣ (IFN-␣) in vitro, 12, 14, 15 an incentive to explore the IFN-␣ impact on APOBEC relative to HIV in clinical trials 16 (Peng G. et al, submitted) . However, type I IFN generated by plasmacytoid dendritic cells and macrophages in response to HIV infection 17, 18 or delivered as a treatment modality 16 is also associated with negative aspects, including induction of CD4 ϩ T-cell apoptosis and/or HIV disease progression. 18 In consideration of alternative mechanisms to enhance expression of the innate antiviral system of APOBEC family members, while minimizing potential cytopathicity, we explored IFN-␣-stimulated gene (ISG) transcription in human macrophages. 14 In addition to APOBEC, IFN-␣ modulated the expression of multiple genes with potential antiviral activity, including IL-27, recently linked to HIV suppression, 19 and potentially allying these 2 cytokines in combating HIV. IL-27 is the most recently identified member of the IL-12 family, and its biologically active form consists of heterodimeric IL-27 p28 and an IL-12p40-like subunit, Epstein-Barr virus-induced 3 (EBI3). 20, 21 Characterized as a macrophage, dendritic cell (DC), and endothelial cell-derived proinflammatory cytokine for inducing early differentiation of the Th1 subset and IFN-␥ production, IL-27 also demonstrates suppressive effects on the immune system. 20, [22] [23] [24] Although emphasis has been on T lymphocytes that express the glycoprotein 130 (gp130) and WSX-1 receptor complex, 25 further investigation of the role of IL-27 on innate cells and regulation of putative antiviral functions will enable an appreciation of its potential as a mediator of microbial defense. In this study, we demonstrate by microarray that IFN-␣-induced macrophage antiviral molecules include IL-27 and that IL-27 can trigger synthesis of APOBEC cytidine deaminases to blunt HIV infection. However, IL-27 does not do this directly, but rather, induces an intermediary molecule, identified as type I IFN, which in turn, coordinates the antiretroviral activities attributed to IL-27. Revelation of IFN-␣-orchestrated host defense mechanisms may circumvent the need for IFN-␣ and its related toxicities as potential interceptors of HIV infection.
Methods

Peripheral blood monocyte isolation and differentiation to macrophages
Human peripheral blood mononuclear cells (PBMCs), obtained by leukapheresis of normal volunteers (Department of Transfusion Medicine, National Institutes of Health), were diluted in endotoxin-free phosphatebuffered saline without Ca 2ϩ and Mg 2ϩ (BioWhittaker) and, for some experiments, separated by density centrifugation on lymphocyte sedimentation medium (Organon Teknika Corp) before elutriation to obtain monocytes and T lymphocytes. 26 For differentiated macrophages, elutriated monocytes were adhered in serum-free Dulbecco modification of Eagle medium (DMEM) supplemented with 2 mM L-glutamine, 100 U/mL penicillin, and 100 g/mL streptomycin (Sigma-Aldrich) at 37°C and 5% CO 2 in 6-well (6 ϫ 10 6 cells/well) plates (Corning) for 2 to 4 hours, 10% heat-inactivated fetal bovine serum (FBS; Invitrogen) added and the cells cultured for 6 to 7 days. 26 
Cytokine treatment
Cell cultures were left untreated (control), stimulated with IFN-␣ (10 ng/mL; NCI-FCRDC; R&D Systems) or lipopolysaccharide (LPS) (Escherichia coli 055:B5, Sigma-Aldrich, 100 ng/mL) for 1 to 4 hours to evaluate transcriptional and functional responses. IL-27 (R&D Systems) was added at 5 to 200 ng/mL for 0.5 to 24 hours before RNA was isolated. Neutralizing type 1 IFN receptor (IFNAR) chain 2 antibody (CD118, R&D Systems, 10 g/mL) was added in some experiments 20 minutes before cytokines or a Janus kinase (JAK) inhibitor (0-10 nM, Calbiochem) added 1 hour before cytokines.
Oligonucleotide microarrays and data analysis
Monocyte-derived macrophages from 3 independent donors were harvested, total RNA isolated, and further purified using RNeasy Mini kit (QIAGEN), as described. 14, 27 Preparation of biotin-labeled cRNA, hybridization, and scanning were performed per protocol (Affymetrix). Briefly, 10 g total RNA was used to generate double-stranded cDNA using One-Cycle cDNA Synthesis Kit and oligo (dT) 24 primer containing a 3Ј T7 RNA polymerase promoter site. Biotin-labeled cRNA probes were produced from cDNA using an in vitro transcription (IVT) labeling kit. The probes were purified, fragmented, and hybridized to Affymetrix Plus 2.0 Microarrays that display greater than 47 000 unique probe sets and expressed sequence tags (ESTs) for 16 hours, washed, stained using Affymetrix Fluidics Station 450 and fluorescence measured using an Affymetrix GeneChip scanner. Affymetrix MAS5 signal and present call values were stored in the NIHLIMS, a database for storage and retrieval of chip data. The signal values for the 9 chips were subjected to S10 quantile-normalizing transformation. Principal components analysis on the S10 transformed data was also performed to permit the visualization of the samples in bivariate plots of the low-order principal components to detect possible outliers and to provide a global view of the study results. Data were statistically analyzed using the MSCL Analyst's Toolbox (P. J. Munson, J. J. Barb, 2004; http://abs.cit.nih.gov/MSCLtoolbox/) and the JMP statistical software package (SAS Inc; http://www.jmp.com). 14 A 3-level, one-way blocked ANOVA compared baseline macrophages with macrophages treated with IFN-␣ or LPS. A posthoc test was used to identify probe sets that manifest significant false detection rate (FDR) less than 5% substantial (Ͼ 4-fold) differences among the 3 groups and were called present. Fold change calculations were made for IFN-␣ and LPS compared with control using the group means (IFN-␣, LPS, control). The microarray data were deposited into the Gene Expression Omnibus public database under accession number GSE16755.
Infection with HIV-1
Macrophages were incubated with HIV-1 BaL (HIV) at 10 3 /TCID 50 /mL (ABI) in DMEM containing 10% fetal calf serum (FCS) for 2 hours at 37°C. After infection, cells were washed and cultured in DMEM containing 10% FCS for up to 14 days and half the supernatant collected and replaced with fresh medium every 2 to 3 days. 26 Three-day phytohemagglutininblasted T lymphocytes were incubated with HIV IIIB at 10 3 TCID 50 /mL For personal use only. on April 4, 2017. by guest www.bloodjournal.org From (ABI) for 2 hours, washed, and cultured for 7 to 9 days with supernatant collection every 2 to 3 days. IFN-␣, IFN-␤, and IL-27 were added at indicated times and concentrations. In indicated experiments, anti-CD118 (10 g/mL) was added once to the macrophage cultures after infection and again when fresh medium was added. To measure viral infectivity, supernatant p24 levels were determined with HIV p24 ELISA kits (Perkin Elmer Life Sciences).
RNA isolation and polymerase chain reaction
Total cellular RNA was isolated and DNase digested using Qiagen RNeasy Mini Kit and RNase-Free DNase Set. For real-time (RT) polymerase chain reaction (PCR) and conventional PCR, 12 2 g total RNA was reverse-transcribed using oligodeoxythymidylic acid primer (Invitrogen). Amplification of the resulting cDNA for RT-PCR was performed with TaqMan expression assays for IL-27 p28 (Hs00377366_m1), IL-27 EBI3 (Hs00194957_m1 and Hs01057148_m1), IL-27R␣ (Hs00175472_m1), IFN1␣ (Hs00353738_s1), IFN-␤ (Hs01077958_s1), APOBEC3A (Hs00377444_m1), APOBEC3B (Hs00358981_m1), APOBEC3C (Hs00819353_m1), APOBEC3F (Hs00736570_m1), APOBEC3H (Hs00419665_m1), and APOBEC3G (Hs00222415_m1; Applied Biosystems). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Hs99999905_m1) was used for normalization, data were analyzed using the 2 ϪddCT method, and results were reported as fold change. 14,27
Western blots
Macrophages were treated or not with IFN-␣ at 10, 1, or 0.1 ng/mL and IL-27 at 100 and 5 ng/mL for 30 minutes. Cells were pelleted, lysed in lysis buffer, 14 and lysates incubated on ice for 20 minutes and centrifuged (14 000 rpm, 20 minutes, 4°C) before supernatant proteins were quantified by Bio-Rad D C Protein Assay. Lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis in Tris-glycine gels. For Western blot, the proteins were transferred to nitrocellulose membranes. After blocking with 5% bovine serum albumin in Tris-buffered saline with 0.05% Triton X-100 (TBS-T), membranes were probed with mouse anti-STAT1 or 3 or rabbit anti-phospho-STAT1 antibody (Cell Signaling Technology) at 4°C overnight. Membranes were washed with TBS-T 3 times for 10 minutes, analyzed by adding Alexa Fluor 680 goat anti-rabbit or Alexa Fluor 750 goat anti-mouse antibodies (LI-COR), and the infrared fluorescence was detected with Odyssey infrared imaging system (LI-COR).
IFN-␣ ELISA
Supernatants from treated and untreated macrophages were collected at 7 to 
Results
IFN-␣-induced macrophage transcriptional profile by microarray analysis
Based on our recent observations that IFN-␣ induces macrophage HIV resistance, at least in part, through its ability to up-regulate APOBEC3 family cytidine deaminases, 12, 14 and the known regulatory role of IFN-␣ on other antiviral molecules, 28 we treated human monocyte-derived macrophages with IFN-␣ to expose transcriptional expression of potential additional antiviral genes through oligonucleotide microarrays. To enhance selectivity, we evaluated only those inducible genes with a minimal false detection rate of 5% and expressing at least a 4-fold expression change. Based on this high stringency, 308 IFN-␣-inducible genes were significantly enhanced in all donors within 4 hours after IFN-␣ exposure (see supplemental Table 1 , available on the Blood website; see the Supplemental Materials link at the top of the online article). The 40 most affected gene symbols are represented in Table 1 . Table 1 ) and with LPSstimulated cultures (100 ng/mL) 27 and RNA extracted and processed for microarray analysis using the Affymetrix system. Macrophage gene expression after treatment with IFN-␣ as ratio to control (IFN-␣/c) compared with LPS/Control ratio, in common logartithmic scale. Only probe sets of suspected antiviral functions are shown. The line of identity is shown to highlight the points that are similar in both measures. Density contours are shown for the entire set of 54 675 probe sets on the Affymetrix HG_U133 Plus2 chip. Ratios shown in common logarithmic scale. SFC ϭ S10 transform fold change.
Several probe sets were up-regulated more than 200-fold by IFN-␣, including chemokine (C-X-C motif) ligand (CXCL10), tumor necrosis factor ␣-induced protein 6 (TNFAIP6), chemokine (C-C motif) ligand CCL20, and IFN-induced protein with tetratricopeptide repeats 2 (IFIT2). Additional classical IFN-responsive genes (IRG), including IFIT1 and IFIT3, IFN-regulatory factor (IRF)1, IFN-stimulated gene (ISG)20, IFN-␣-inducible protein (clone IFI-15K), suppressor of cytokine signaling 3(SOCS3), guanylate binding protein (GBP)1 and GBP5, IFN-induced transmembrane protein 1 (IFITM1), and STAT4, increased greater than 10-fold, whereas eukaryotic translation initiation factor 2 alpha kinase 2 (PKR) increased only 3.35-fold, below our cutoff of 4-fold for this study. IFN-␣ triggered multiple chemokines (CCL5, CXCL11, CXCL9, CXCL1, CCL4, CCL8, CCL19, IL-8), reflective of its orchestration of innate immunity, but proinflammatory molecules may also contribute to IFN-␣-related pathology. Moreover, cytokine and cytokine-related genes were also early macrophage IFN-␣ targets: pentraxin-related gene (PTX3), TNF (ligand) superfamily member 10 (TRAIL), IL-7R, TNF superfamily member 2 (TNF-␣), TNFAIP2, TNFAIP3 interacting protein 3, TNF receptor-associated factor 1 (TRAF1), and IL-6 (IFN-␤2), Epstein-Barr virus-induced 3 (EBI3), IL-12B(p40), IL-1B, and IL-15 (Ͼ 10-fold), along with other proinflammatory and/or potentially toxic molecules, including indoleamine(2,3)-dioxygenase (IDO) and GTP cyclohydrolase I (GCHI), are involved in neopterin production. 29 Only a limited number of probe sets 27 were down-regulated in macrophages upon exposure to IFN-␣ (see supplemental Table 1 ).
Dissociation of activation-induced genes from IFN-␣-specific genes
To distinguish potential antiviral genes uniquely expressed by IFN-␣ relative to activation-induced genes, we compared macrophage responses to IFN-␣ with those triggered by activation through a toll-like receptor (TLR)-mediated signal, LPS, in parallel with mock-treated cells. Macrophages exposed to a TLR4 stimulus (LPS) up-regulated a multitude of genes commonly The 35 gene symbols were selected based on putative antiviral activities that are differentially regulated by IFN-␣ through IFNAR and LPS through toll-like receptors as fold change (FC; see "Methods"). 27 but not genes classically associated with antiviral activity seen in the high stringency IFN-␣-induced transcriptional profile, represented by myxovirus (influenza virus) resistance 1 (MX1; Ͼ10-fold) and 2Ј-5Ј-oligoadenylate synthetase-like (OAS; Ͼ30-fold). This discrimination between LPS and IFN-␣ in inducing OAS and MX1 provided a basis for differentiating macrophage activation from IFN-␣ induction of potential antiviral genes. As summarized in Figure 1 , IFN up-regulated genes (IFN-␣/Control) are represented on the y-axis and LPS/Control on the x-axis, both in log scale. The red line represents the line of identity. Based on this analysis, IFN-␣-induced genes above the red line and implicated in defense against HIV are listed in Table 2 . Although LPS did not substantially up-regulate antiviral genes such as OAS or MX1, it did stimulate IFN-␤1 greater than 100-fold and other molecules, which may directly or indirectly influence viral infection 27 (see supplemental Table 1 ). Both IFN-␣ and LPS dramatically up-regulated chemokines, including CCL5, which may influence HIV entry by competing for coreceptor binding, but in this study, we did not focus on the plethora of shared genes found within the lines of identity or unique to LPS. 27 This approach enabled dissociation of a cohort of genes selectively regulated by IFN-␣, and because the majority of genes known or suspected to possess antiviral activity (Table 2) were found in this window, we focused our attention on these IFN-specific genes.
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IFN-␣-specific gene regulation
Genes and/or their products linked to antiviral functions represent a small subset of the IFN-␣-induced transcriptional profile in macrophages ( Figure 1 and 33 and members of the APOBEC cytidine deaminase family (APOBEC3A/ F/G). 12, 14 Increased adenosine A2a receptor (ADORA2A) activation can induce cross-desensitization of CCR5 to limit susceptibility of monocytes to infection by an R5 strain of HIV 37 and may also be neuroprotective. 38 Notable by their absence were genes with recognized IFN inducibility and antiretroviral activity, including TETHERIN/CD137/BST2 39,40 up-regulated less than 2-fold. Collectively, enhanced expression of multiple HIV resistance molecules represents a substantial arsenal by which macrophages, under the influence of IFN-␣, may fend off HIV. Additional genes expressed in a pattern similar to those with known or putative antiviral activity include genes, which are up-regulated by IFN-␣ more than 3-fold above TLR activation (see supplemental Table 1 ). Continuing studies of this cluster of genes may reveal new molecules and functions relevant to inhibition of HIV and/or other viruses.
IFN-␣-inducible IL-27 and IL-27R␣
Among the IFN-␣-inducible cytokine gene cluster dissociable from TLR activation by gene profiling, and recently linked to HIV, 19 is the cytokine IL-27. Both the p28 and the EBI3 components of the heterodimer were up-regulated by IFN-␣ ( Figures  1-2A) , and confirmed by conventional RT-PCR (p28) and real-time PCR (p28 and EBI3; Figure 2B For personal use only. on April 4, 2017. by guest www.bloodjournal.org From 2D), potentially enhancing responsivity to this cytokine. Exogenous IL-27 inhibited HIV replication in macrophages in a dose-dependent manner ( Figure 3A) , confirming an antiretroviral function 19 and was effective early and sustained during infection ( Figure 3B ). Diminished HIV replication as monitored by supernatant p24 levels could not be attributed to IL-27-mediated alterations in viability, as viability in IL-27-treated macrophage cultures differed less than 2% to 5% from untreated cultures. IL-27-mediated antiviral activity appeared independent of altered expression of entry receptors, CD4, CXCR4, and CCR5 ( Figure  3C ), compatible with evidence that IL-27 was effective when added after the cells had been exposed to the virus. Inhibition of HIV appears selective to this member of the IL-12 family, in that other family members, IL-12 and IL-23, both up-regulated by IFN-␣ in parallel to IL-27 (see supplemental Table 1 ; p40 is 29-fold and IL-23p19 is ϳ7-fold), did not suppress HIV replication when added to macrophage cultures ( Figure 3D ).
IL-27 induction of APOBEC
To explore the mechanism(s) by which IL-27 exerts activity against HIV, we examined its potential ability to directly influence members of the innate intracellular cytidine deaminase APOBEC family. Although IL-27 did up-regulate expression of APOBEC3G (Ͼ 3-fold), and even more substantively APOBEC3A (60-fold) after 24 hours (Figure 4A-B) , the response was clearly less effective than with IFN-␣ ( Figure 4A -B, APOBEC3A, P Ͻ .002; APOBEC3G, P ϭ .03). To further define the IL-27 induction of APOBEC3A/G as its potential antiretroviral pathway, doseresponse analyses revealed optimal effects at 50 ng/mL and above ( Figure 4C ), but kinetic studies revealed little or no evidence of APOBEC induction within the first 4 hours after exposure to IL-27. Rather, APOBEC3, as represented by APOBEC3A induction, was delayed and most prominent 24 hours after exposure of the cells to IL-27 ( Figure 4D ), compared with the evidence of much earlier induction of APOBEC by IFN-␣ (Ͻ4 hours). 12 The delay in IL-27-triggered expression of APOBEC occurred despite evidence of rapid IL-27-induced signal transduction as monitored by STAT1 phosphorylation within minutes after addition to macrophage cultures ( Figure 4D inset) , as reported. 41, 42 The pattern of delayed and dose-dependent up-regulation of APOBEC3A (Figure 4C-D) was also seen for other members of the APOBEC family ( Figure  4C inset), albeit to a lesser extent. Thus, the evidence supporting early IL-27 signaling of STAT1 phosphorylation appears inconsistent with the delayed induction of APOBECs and was suggestive of an intermediate molecule involved in driving APOBEC generation.
IL-27 induction of APOBEC involves type I IFN
Because the delayed response suggested that IL-27 was possibly inducing an intermediate molecule, which, in turn, was responsible for regulating APOBEC expression, we considered that IFN-␣ was a possible candidate. It became apparent that within the first 30 minutes to 4 hours after exposure to IL-27, well before evidence of APOBEC Figure 5B) . In additional experiments, IFN-␤, not previously linked to APOBEC expression, was shown to induce both APOBEC3A and APOBEC3G in macrophages ( Figure 5C ), reflecting shared signaling pathways via IFNAR and inhibition of HIV infection ( Figure 5D ).
Effects of IFN-␣ and IL-27 on T-cell HIV infection
Whereas our evidence in this study and in our previous work 12 indicates that IL-27 indirectly and IFN-␣ directly control cytidine deaminase expression in macrophages, similar studies are lacking in CD4 ϩ T-cell HIV targets. Therefore, in parallel experiments, IFN-␣ and IL-27 were examined for their respective ability to suppress HIV infection in PBMC and in isolated T cells. As indicated in PBMC ( Figure 5A-B) , similar to monocytes and cultured monocyte-derived macrophages, IL-27 induced IFN-␣ and IFN-␤ within 30 minutes, preceding evidence of enhanced APOBEC3A and/or APOBEC3G. Moreover, when blasted CD4 ϩ T-lymphocyte HIV targets were treated with IL-27, a dose-dependent increase in IFN-␣ occurred rapidly (Figure 6 ), whereas APOBEC3A was delayed ( Figure 6A inset), without a parallel significant effect on T-cell APOBEC3G, as demonstrated (Gang Peng, W.J., T.G.W., Ke Jian Lei, Michael A. Polis, Richard Lempicki, Shyamasundaran Kottilil, S.M.W., manuscript in preparation). Thus, IL-27 increases expression of type I IFN in T cells, but not APOBEC3A, within the first 4 hours after stimulation, consistent with a stepwise induction of IFN, which in turn induces APOBEC3A and suppression of HIV replication ( Figure 6 ). IFN-␣ directly suppressed T-cell virus replication, although not as significantly as in macrophages, and similarly, IL-27 blunted T-cell infection by HIV ( Figure 6B ). When both cytokines were added concurrently, enhanced suppression of HIV replication was seen ( Figure  6B ; P Ͻ .05), likely reflecting additional inducible antiviral mechanisms.
Disruption of IL-27-induced IFN and APOBEC blocks HIV suppression
To confirm that IL-27 bolsters APOBEC levels through a type I IFN intermediate, we first blocked IL-27-mediated signaling to determine whether this blunted IFN expression. IL-27 interaction Monocyte-derived macrophages were treated 18 to 24 hours with IL-27 at 100 ng/mL or IFN-␣ at 10 ng/mL. Cells were lysed and processed for RNA following QIAGEN's RNeasy protocol, and gene transcription was analyzed by real-time PCR for (A) APOBEC3G (n ϭ 3) and (B) APOBEC3A (n ϭ 5). GAPDH was used as normalization control. Data were analyzed using the 2 Ϫ⌬⌬ct method and results reported as fold increase (*P Ͻ .05; **P Ͻ .005). (C) IL-27 (5-200 ng/mL) was added to macrophage cultures for 24 hours and RNA processed for real-time PCR with APOBEC3A primers (n ϭ 4). Inset: IL-27 (50 ng/mL) was added to macrophage cultures for 24 hours and indicated members of APOBEC family expression profiles determined by RT-PCR (n ϭ 2). (D) Kinetics (30 minutes to 24 hours) of IL-27 (0-100 ng/mL) induction of APOBEC3A expression as determined by real time PCR (n ϭ 3). Inset: IL-27 at indicated concentrations was added to macrophage cultures for 30 minutes, and phospho-STAT1 and total STAT were monitored by Western blot. 
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For personal use only. on April 4, 2017. by guest www.bloodjournal.org From with the IL-27 receptor triggers phosphorylation of STAT1, and to a lesser extent STAT3 ( Figure 7A ), 25 presumably a requisite precursor step to IFN-␣/␤ induction in human macrophages. Inhibition of this initial upstream IL-27 mediated JAK activation, by disrupting subsequent STAT phosphorylation, diminishes IL-27-induced type I IFN expression ( Figure 7B ).
To further link IL-27 and IFN, we treated macrophages with a neutralizing antibody to IFN-␣/␤ receptor (IFNAR, CD118) before addition of IL-27 and found that the antibody blocks the ability of IL-27 to up-regulate APOBEC3A/G expression, consistent with the sequential effect of IL-27 on stimulation of IFN-␣, which in turn induces APOBEC expression ( Figure 7C) . Furthermore, the IF-NAR antibody partially reverses the ability of IL-27 to block HIV infection in macrophage cultures ( Figure 7D , day 8 shown), in keeping with an IFN-dependent step in the induction of cytidine deaminases in defense against the retrovirus.
Collectively, our data support a circuitous connection between IFN and IL-27 in host defense against HIV. Type I IFNs or other stimuli induce IL-27 (p28 and EBI3), but IL-27, through rapid induction of IFN, drives enhanced expression of the intracellular antiretroviral cytidine deaminases. The outcome of this molecular cascade enables CD4 ϩ T cells and macrophages to fend off advances by HIV.
Discussion
The conundrum of whether type I IFN is beneficial in HIV/AIDS or is a mediator of disease pathogenesis 18 remains unresolved, and alternative regulators of innate antiretroviral defense pathways may alleviate treatment-related cytotoxicities. In these studies, we explored, through microarrays, potential IFN-␣-induced molecules that may serve as downstream surrogates in battling HIV and focused on one such candidate, IFN-␣-induced IL-27. Whereas IL-27 was shown to inhibit HIV and to up-regulate antiviral APOBEC3 cytidine deaminases, 19 we provide evidence that IL-27 does not directly regulate APOBEC family members to counterattack HIV but rather induces IFN-␣/␤ and in so doing augments macrophage defensive maneuvers against HIV. Based on our data, the recently reported parallel mechanisms of IL-27-and IFN-␣-mediated inhibition of HIV 43 are, in fact, sequential. The evidence in support of this conclusion is manifold. First, the ability of IL-27 to induce APOBEC3A/G is delayed, with minimal evidence of enhanced expression until after 4-hour stimulation with IL-27, optimal at 24 hours. Second, within the first 4 hours, IL-27 increased IFN-␣, consistent with IFN-␣-triggered enhancement of ISG. In previous studies, neither IL-27-nor IFN-␣-mediated gene expression was monitored before 24 hours, 43 negating detection of this intertwined connection. Third, stimulation of macrophages with IL-27 results in a very rapid JAK/STAT signaling response, 25 despite belated increases in APOBEC. In T cells, STAT3 and STAT5 activation occurs in response to IL-27, 41, 42 and in fully activated CD4 ϩ T cells, there is preferential activation of STAT3, 22 which may underlie IL-27 induction of IFN and subsequent enhanced expression of antiretroviral cytidine deaminases. Fourth, the increase in APOBEC, particularly APOBEC3A, relevant to macrophage HIV resistance 12, 14 that occurs in response to IL-27 can be attenuated by a neutralizing antibody to the type I IFN receptor (CD118), consonant with dependence upon IFNAR signaling. Critically, the ability of IL-27 to enforce an HIV blockade is also impaired in the presence of the IFNAR antibody. IL-27 not only inhibits R5 HIV infection in macrophages but also suppresses X4 replication in CD4 ϩ T cells, which is associated with elevations in IFN and downstream ISG. Finally, in a reciprocal arrangement, not only does IL-27 trigger IFN production, but IFN-␣ up-regulates (C) Monocyte-derived macrophages were treated or not with IFN receptor antibody (CD118 at 10 g/mL) 20 to 30 minutes before IL-27 (100 ng/mL) and APOBEC3A determined by RT-PCR after 24 hours (mean Ϯ SEM, *P ϭ .01; representative triplicate data, n ϭ 8).
(D) Monocyte-derived macrophages (n ϭ 4) were infected with HIV, washed, and then treated or not with IFN receptor antibody (CD118 at 10 g/mL), which was added 20 to 30 minutes before IL-27 (100 ng/mL). ELISA for p24 was used to monitor HIV replication in the treated and untreated cultures (mean Ϯ SEM, *P ϭ .01, **P ϭ .001).
IL-27 to establish a cyclic release of both cytokines with accentuation of APOBECs, TRIMs, and other ISG. Although not obviating the need for IFN-␣, these data focus the search for additional modes of targeting the cytidine deaminases to thwart HIV, with the aim of minimizing IFN toxicity. These pathways appear to be distinct and/or complementary to the described ability of IL-27 to induce production of type II IFN (IFN-␥) in T cells and NK cells, 24 important in microbe clearance.
Although most widely recognized for its pro-and antiinflammatory properties and its regulation of Th-cell lineage differentiation and function, 22, 24, 42 the evidence that IL-27 can influence activity against HIV provides an impetus to further explore mechanisms of its induction and function. Functionally active as a heterodimer composed of the receptor-like subunit, EBI3, and the p28 helical protein, IFN-␣ directly induces both components of IL-27 necessary for efficient secretion and also reportedly mediates TLR4-stimulated IL-27p28. 44 Studies in human macrophages illustrate 2 potential IFN-stimulated response elements (ISRE1 and 2) in the p28 gene promoter, and IFN-␣ stimulation results in the binding of IRF-1 to the p28 ISRE site. 44 Moreover, IFN-␤ stimulates p28, as does LPS differentiation of DC through a type I IFN and IRF1 and IRF3 pathway 45, 46 after activation of receptor-associated JAKs, STAT phosphorylation, and NFB activation. 47, 48 The link between IFN and IL-27 regulation may be central in defense against HIV, particularly in human macrophages, which serve as a host and reservoir for HIV 3, 49, 50 and can be resistant to antiviral strategies 4 but also in CD4 ϩ T cells.
IL-27 represents a novel member of the IL-12 family in many aspects and is apparently distinct in its ability to target HIV resistance via IFN-␣. IL-27 does not obviate the need for IFN but, rather, requires IFN to achieve an antiviral state through induction of APOBECs, TRIMs, and other molecules, known and to be established, that disrupt the viral life cycle. Conceivably, as the induced IFN may function proximally in an autocrine or paracrine manner in lesser concentrations, this may sublimate IFN-related toxicities. Although IFN is believed to inhibit HIV by multiple mechanisms, including OAS-mediated RNase L and PKR, deletion of these genes does not appear to impair the ability of IFN to inhibit HIV, 15 underscoring the role of other ISG, such as APOBEC family members as pivotal links in IFNЈs defensive armor against HIV, as validated in IFN-treated patients (Gang Peng, W.J., T.G.W., Ke Jian Lei, Michael A. Polis, Richard Lempicki, Shyamasundaran Kottilil, S.M.W., manuscript in preparation). Further exploration of the pathways regulating these antiviral ISG, including the cytidine deaminases, may uncover key signaling components that can be selectively regulated to avoid negative aspects of IFN/IL-27 treatment. To this end, our findings provide further evidence that the targeting of innate intracellular pathways of host defense against HIV may provide an important inducible counterattack against this lethal virus. 
